The dip in the current-potential plateau in the first reduction step of hexaammine cobalt(III) ion (I) and the resulting minimum of the current near -0.8 volt (vs. S.C.E.) have been investigated. A normal polarogram is obtained at relatively high concentrations of sodium perchlorate, nitrate or chloride, the exact concentration required for elimination of the dip increasing with increasing concentration of I. The concentration of barium salt to eliminate the dip is more than five times smaller than that of sodium salt. The cationic surfactants dedecylammonium and tetrabutylammonium perchlorate in a concentration of less than 10-M eliminate the dip. At higher concentrations than 10-5 M they cause the first reduction wave of I to become extremely irreversible. The appearance of the dip is correlated with the structure of the double layer on the negative side of the isoelectric point and the adsorption of the positively charged particles formed by interaction of the reduction product Co(NH3)62+ of I with water. No dip occurs when the diffuse double layer is compressed or when its charge is the same as that of the precipitate formed at the surface of the electrode.
(I) and the resulting minimum of the current near -0.8 volt (vs. S.C.E.) have been investigated. A normal polarogram is obtained at relatively high concentrations of sodium perchlorate, nitrate or chloride, the exact concentration required for elimination of the dip increasing with increasing concentration of I. The concentration of barium salt to eliminate the dip is more than five times smaller than that of sodium salt. The cationic surfactants dedecylammonium and tetrabutylammonium perchlorate in a concentration of less than 10-M eliminate the dip. At higher concentrations than 10-5 M they cause the first reduction wave of I to become extremely irreversible. The appearance of the dip is correlated with the structure of the double layer on the negative side of the isoelectric point and the adsorption of the positively charged particles formed by interaction of the reduction product Co(NH3)62+ of I with water. No dip occurs when the diffuse double layer is compressed or when its charge is the same as that of the precipitate formed at the surface of the electrode.
In a previous papery evidence has been presented that the precipitate formed at the dropping mercury electrode in the one-electron reduction product of hexaammine cobalt (III) ion (denoted as I) in neutral medium has the composition Co(NH3)4(OH)2. In an interesting paper Laitinen et al. observed a normal one-electron diffusion current plateau in the polarographic reduction of I in neutral perchlorate, chloride and nitrate solutions. At concentrations of I greater than 10-3 M and at small concentrations of supporting electrolyte they found that the diffusion current starts to decrease at about -0.6 volt (vs. S.C.E.) to attain a minimum at about -0.8volt.
They attributed the appearance of this dip in the polarograms (see e.g. Fig. 2 ) to an interference in the reduction of I by a firmly adhering film to the surface of the mercury drop of a precipitate formed after the oneelectron reduction of I in neutral medium.
In the present paper are reported results of a systematic study of the effects on polarograms of I of the concentration and kind of supporting electrolyte, and of neutral, anionic and cationic surfactants.
In addition current-time curves at the minimum have been recorded.
An interpretation is proposed to account for the irregularities in polarograms caused by the precipitate under certain conditions.
Experimental
For chemicals and experimental procedure reference is made to a previous publica tion.1 Sodium dodecyl sulfate was a product of Procter and Gamble. Dodecylammonium perchlorate was prepared by dissolving 0.5g of Armeen 12D (Armour and Co.) of average molecular weight of 185 in 100 ml 4of perchloric acid solution containing the equivalent amount of acid. Tetrabutylammonium perchlorate was prepared and purified by C. E, Gracias in this laboratory. Caffeine was a Merck, pure U.S.P. product. Polyacrylamide (PAA 75) was a product of the American Cyanamid Co., New York.
Recordings of the current-time curves were made with a "Sanborn Single Channel Recorder" Model 151-100A.
The diffusion currents of I corresponding to one-and three-electron reductions, at -0 .50 and -1.4 volt, were measured, respectively, in sodium perchlorate supporting electrolyte of different molarities and at varying concentrations of I. After correction for residual current and for difference in tt116 at the two different potentials, the diffusion current at -1.4 volt was found to equal exactly three times that at -0.5 volt. In 0.08 Msodium perchlorate proportionality between id and concentration of I was found at concentrations of I less than 3.5 mM. This limit of proportionality decreases with increasing sodium perchlorate concentration, as illustrated in Fig. 1 .
The deviation from proportionality is accounted for by precipitation of hexaammine cobalt (III) perchlorate. In agreement with Laitinen et al. the diffusion current was suppressed in solutions containing sulfate and the half-wave potential of the one-electron reduction step shifted in the negative direction.
Concentration
In order to account for the pronounced effect of sulfate on the dip, precipitation experiments were made and the system analyzed in the same way as described in a previous paper.
A mixture was prepared which, after addition of sodium hydroxide, was 0.01 M in cobalt(II) perchlorate, 0.06 M in sodium perchlorate and 0.06 M in ammonia.
A pale bluish suspension was obtained, the fresh precipitate having the composition Co(NH,)4(OH)2. In a similar mixture, which was also 20 mM in sodium sulfate, a precipitate of the same composition was found. The precipitate quickly settled out to the bottom of the vessel in a blue form, while it remained in colloidal suspension in the absence of sulfate. The divalent sulfate flocculates the positively charged particles of Co(NH3)4(OH)2. Sodium hydroxide. In a solution 0.05 M in sodium perchlorate and 1 mM in I the presence of 1 to 3 mM sodium hydroxide has no effect on the location of and the current at the minimum. However, when the solution is made 0.01 M in hydroxide a normal polarogram without a dip is observed. In the absence of perchlorate normal polarograms are found in 0.06 and 0.5 M sodium hydroxide solutions 1 to 2 mM in I. Hence, it is to be expected that larger concentrations of aluminum or lanthanum eliminate the dip and minimum.
Effect of Surfactants
In agreement with Laitinen et a1.2' we found that gelatin (0.01%) eliminates the dip in the polarogram. Bovine serum albumin has the same effect. The effect of polyacrylamide is shown in Fig. 4 . At a concentration of 0.005% the dip is almost completely eliminated. Caffeine in a concentration of 0.01% greatly eliminates the dip in a solution 0.05 M in sodium perchlorate and 1 mM in I. When the concentration of caffeine is increased to 0.02% the dip is completely eliminated.
As an example of an anionic surfactant the effect of sodium dedecyl sulfate in solutions 1 mM in I and 0.08 M in sodium perchlorate was investigated.
At concentrations between 3.5 x 10-5 and 10" 4 M it does neither affect the appearance of the dip nor the location of and the current at the minimum.
At higher concentrations of the surfactant precipitation of the cobalt(III) salt occurs. The effects of the cationic surfactants dodecylammonium perchlorate and tetrabutylammonium perchlorate were investigated. Fig. 5 illustrates the effect of traces of the maximum. After 0.8 second the currenttime curve becomes normal. At concentrations of I in the range between 1 and 3 mM, the current increases normally during the first fraction of a second to attain a maximum value which increases with increasing concentration of I. This must be related to the time required to form the reduction product which becomes attached to the electrode. After attaining this maximum value the current slowly decreases for several seconds and then slowly increases again with vigorous oscillations. Evidently no simple relation can describe the current as a function of drop-time.
It is of interest to mention that in a solution 0.25 M in sodium perchlorate and 1 mM in I a current-time curve at -0 .8 volt is observed which has the characteristics of normal diffusion control. No dip in the polarogram is observed in this solution. However, when it is made 3 mM in I a pronounced dip occurs in the polarogram and an abnormal current-time curve is observed at -0.8 volt.
It should be noted that Delahay and Trachtenberg obtained similar types of current-time curves for copper(II) solutions in 0.5 M sodium citrate containing varying amounts of quinoline adsorbate.
The current-tune curve s attained a maximum value followed by a minimum during the growth of the drop . If the drop time was long enough (about 10 seconds) the decrease in current was soon overcompensated by the increase in area, and the current increased again .
Current-time curves have been determined under a large variety of conditions . Although their shape at the minimum varies somewhat with conditions , they all have an abnormal appearance.
Under conditions where no dip occurs in the polarograms , the i-t curves have the characteristics of normal diffusion control in the potential range of the dip.
Microscopic Observation.
No film was visible upon microscopic observation of the mercury drops during the electrolysis of a solution 25 mM in I and 0.4 M in sodium nitrate at potentials of -0 .5 and -0 .8 volt. When the above solution was made 10 mM in cadmium nitrate , a heavy white precipitate around the mercury surface was observed at both potentials of -0.5 and -0.8 the positively charged particles formed from the reduction product of I are no longer adsorbed on the surface of the mercury. At higher concentrations (curves d, e, f and g in Fig. 6 ; see also Fig. 5 ) the cationic surfactants greatly interfere with the normal oneelectron reduction of I. The effect is similar to that observed in the reduction of copper (II) ions in the presence of dodecylammonium or tetrabutylammonium ions. The effect was explained on the basis of the Frumkin theory of electrostatic effects. The adsorption of cationic surface-active substances shifts thed potential to more positive values; it increases the overvoltage and decreases the rate of electro-reduction.
The same interpretation accounts for the effect of cationic surfactants on the irreversible one-electron reduction of hexaammine cobalt(III) ion. In addition to the effect of the !'d potential upon the adsorption of the precipitate at the potential of the minimum in the polarogram the colloidal state of the precipitate may also play a role. In the section under the heading "Results" it has been mentioned that no dip in the polarogram occurs in a solution 2 mM in I and 0.02 M in sodium sulfate. The sulfate rapidly floccculates the precipitate.
Apparently the precpitate in the flocculated state cannot form an adherent film on the surface of the electrode. The effect and its interpretation of small concentrations of iodide and also of bromide will be discussed in a subsequent paper. 
